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ABSTRACT
We have studied the dark matter (DM) distribution in a ≈ 1012h−1M⊙ mass
halo extracted from a simulation consistent with the concordance cosmology, where
the physics regulating the transformation of gas into stars was allowed to change
producing galaxies with different morphologies. The presence of baryons produces the
concentration of the DM halo with respect to its corresponding dissipationless run,
but we found that this response does not only depend on the amount of baryons
gathered in the central region but also on the way they have been assembled. DM
and baryons affect each other in a complex way so the formation history of a galaxy
plays an important role on its final total mass distribution. Supernova (SN) feedback
regulates the star formation and triggers galactic outflows not only in the central
galaxy but also in its satellites. Our results suggest that, as the effects of SN feedback
get stronger, satellites get less massive and can even be more easily disrupted by
dynamical friction, transferring less angular momentum. We found indications that
this angular momentum could be acquired not only by the outer part of the DM
halo but also by the inner ones and by the stellar component in the central galaxy.
The latter effect produces stellar migration which contributes to change the inner
potential well, probably working against further DM contraction. As a consequence
of the action of these processes, when the halo hosts a galaxy with an important disc
structure formed by smooth gas accretion, it is more concentrated than when it hosts
a spheroidal system which experienced more massive mergers and interactions. We
also found that in the later case, the halo has less radial velocity anisotropy than
when the halo hosts a disc galaxy. In most of our runs with baryons, we do not detect
the inversion of the velocity dispersion characteristic of the dissipationless haloes. We
have found that rotation velocities for the systems that were able to develop a disc
structure are in good agreement with the observations and none of them have been
formed satisfying the adiabatic contraction hypothesis.
Key words: galaxies: halos, galaxies: structure, cosmology: dark matter
1 INTRODUCTION
Over the last decades numerical simulations have became
a powerful tool to study the validity of cosmological mod-
els. Λ-CDM scenarios have been found to be able to re-
produce successfully the global properties of the observed
structure at large scales. However, at galactic scale, the so-
called concordance (Λ-CDM) paradigm has been challenged
by several observational results. In this respect, the cuspy
inner profile obtained in many of the numerical simulations
has been claimed not to be consistent with the rotation
curves observed for low surface brightness (Flores & Pri-
mack 1994; Moore 1994; Dutton, van den Bosch & Courteau
2008; Salucci, Yegorova & Drory 2008) and dwarf galaxies
(e.g. Gnedin & Zhao 2002). There have been many attempts
to explain the possible erasement of the inner cusp via dif-
ferent mechanisms: interactions through dynamical friction
with the substructure (e.g. El-Zant et al. 2001, Tonini, Lapi
& Salucci 2006), SN feedback (Mashchenko et al. 2006) etc.,
but the problem is not yet solved.
Another important pending issue is the overabundance
of small dark matter (DM) subhaloes (e.g. Moore et al.
1999; Stadel et al. 2009). The total number of subhaloes
found in the simulations is much larger than the number
of known satellite galaxies surrounding the Milky Way. The
inner shape of the DM density profiles and the abundance
of subhaloes are of particular interest because they can be
c© 0000 RAS
2 Pedrosa, Tissera, Scannapieco
used to perform several observational diagnostics such as
gravitational lensing (Zackrisson & Riahm 2009). Also, the
prospect of detecting DM particles annihilation makes it es-
sential a deep understanding of the small scale distribution
of the DM in the central regions of our Galaxy (Diemand et
al. 2008, Springel et al. 2008).
Although the “universality” of the spherically-averaged
density profiles (Navarro, Frenk and White 1996, hereafter
NFW) of Λ-CDM haloes has gained a broad consensus over
the past couple of decades, new evidences based on high reso-
lution simulations have been found against it (Navarro et al.
2004, Merrit et al. 2006, Gao et al. 2008). Merrit et al. (2006)
tested different fitting functions and found that the profiles
were better described by a de Vaucouleurs’ law instead of the
NFW two parameter formula. They also found a systematic
variation in the profile shape with halo mass. Navarro et al.
(2008, hereafter N08) analysed different galaxy-sized haloes
simulated with unprecedent high resolution and found small
but significant deviations from the so-called NFW universal
profile.
The contraction of the DM haloes due to the infall and
condensation of baryons in the central regions is a well ac-
cepted process (e.g. Barnes & White 1984). Many attempts
to predict their effects have been made through models
based on the adiabatic contraction (AC) hypothesis such
as the one developed by Blumenthal et al. (1986, hereafter
B86). However, it has been shown that this kind of models
overestimates the level of contraction. More recently, Gnedin
et al. (2004) and Sellwood & McGaugh (2005) developed
AC models based on the work of Young (1980) which con-
sidered the possibility of radial motions. However, all AC-
based models missed the hierarchical characteristic of the
assembly of the galaxy as suggested by the current large
scale observations (e.g. Sa´nchez et al. 2006), which might
have non negligible consequences on the final distribution of
the DM (e.g. Debatistta et al. 2008).
In a fully cosmological context, simulations have al-
ready shown how the DM haloes concentrate when baryons
are included, providing hints of a possible dependence on
the assembly history (e.g. Tissera & Domı´nguez-Tenreiro et
al. 1998; Gnedin et al. 2004; On˜orbe et al. 2007). Recently
Romano-Dı´az et al. (2008) analysed the evolution of the
central DM profile in cosmologically grown galactic haloes,
claiming that when baryons are present the cusp is gradually
levelled off. They suggest that this effect could be associated
with the action of the subhaloes that heat up the cusp re-
gion of the DM halo through dynamical friction, and force
it to expand (Ma & Boylan-Kolchin 2004; Debatistta et al.
2008).
In order to help shed light on these issues, we study a set
of intermediate resolution cosmological simulations where
different baryonic structures have been able to form from
identical initial conditions via the modification of the physics
of baryons. The set of simulations studied in our work are
those analysed by Scannapieco et al. (2008, hereafter S08)
where the star formation activity and the SN feedback were
modified in order to study the role played by each of these
processes. As a consequence, a variety of galaxies were ob-
tained, each one exhibiting different morphological and dy-
namical properties. These experiments allow us to analyse
how the dark matter evolves when baryons are assembled
in a different fashion but governed by the same underlying
merger tree. The first results of this analysis were reported
by Pedrosa, Tissera & Scannapieco (2009) where it is clearly
shown that the final structure of the dark matter halo de-
pends on the way baryons are put together and not solely
on the amount of baryons gathered in the centre. We also
found hints for a re-distribution of angular momentum re-
lated to the accretion of satellites. In this paper, we extend
this work and analyse in detail the DM haloes considering
the evolution of baryons.
This paper is organized as follows. In Section 2, we de-
scribe the numerical experiments and summarize the main
features of the simulated galaxies. In Section 3, we analyse
the DM density profiles. In Section 4, we study the inter-
action with satellites. In Section 5, rotation curves and the
AC hypothesis are analysed. In Section 6 we summarize our
main results.
2 THE NUMERICAL EXPERIMENTS
We analysed a set of six realizations of a≈ 1012h−1 M⊙ mass
halo, run with an extended version of the code GADGET-2
according to Scannapieco et al. (2005, 2006). This extended
GADGET-2 code was designed to improve the representa-
tion of the ISM and SN feedback by including a new multi-
phase model for the gas component, metal-dependent cool-
ing, chemical enrichment and energy feedback by SN events.
The initial condition corresponds to an ≈ 1012h−1 M⊙
halo extracted from a cosmological simulation and re-
simulated with higher resolution. This halo was required to
have no major mergers since z = 1. The simulations have
been run from z = 38 to z = 0 and are consistent with
a ΛCDM universe with ΩΛ = 0.7, Ωm = 0.3, Ωb = 0.04,
σ8 = 0.9 and H0 = 100h km s
−1 Mpc−1, with h = 0.7. The
dark matter particle mass is 1.6×107h−1 M⊙ while initially
the gas mass particle is 2.4 × 106h−1 M⊙. The maximum
gravitational softening used is ǫg = 0.8h
−1 kpc.
The analysed simulations have the same initial condi-
tion but have been run using different input parameters for
the Star Formation (SF) and SN feedback models as it can
be seen in Table 1. The version of GADGET-2 used to run
these simulations includes the multiphase model for the in-
terstellar medium, the SF algorithm and SN feedback pre-
sented by Scannapieco et al. (2005, 2006). This set of simu-
lations was performed by S08 who varied the star formation
efficiency (c), the fraction of SN energy (ǫc) injected into the
cold phase (and correspondingly the fraction of SN energy
that is pumped into the hot phase) and the total energy re-
leased during a SN explosion (ESN). As a result, DM haloes
host baryonic structures with different morphologies since
the transformation of gas into stars has been regulated dif-
ferently in each run.
In order to be able to assess the effects of galaxy for-
mation on the dark matter haloes, for this work, we per-
formed a pure gravitational run (DM-only) of the same ini-
tial condition used by S08, with a dark matter particle of
1.84× 107h−1 M⊙.
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2.1 SF and SN feedback parameters and resulting
morphology
The hydrodynamical simulations used in this work have been
analysed in detail by S08, particularly the different proper-
ties of the simulated galaxy at z = 0. In this section, we
only summarize their main characteristics to facilitate the
interpretation of our results.
The first point to note is that when SN feedback is not
included, the gas collapses and concentrates at the centre of
the potential well very efficiently. In this case, the star for-
mation follows the gas collapse and there is no mechanism
to regulate the SF activity. As a result, a stellar spheroidal
component is formed very early, consuming most of the gas
reservoir and preventing the formation of a disc structure at
later times, as it is the case in the NF halo. On the contrary,
when the SN feedback is included, the SF activity gets self-
regulated as a consequence of the heating and pressurizing of
the interstellar gas. In this case, disc-like components can be
formed, populated mainly by young stars (S08). Depending
on the combination of SF and SN parameters, the baryons
settle down determining structures with different morpholo-
gies and disc components of different sizes. In some cases,
the systems are dominated by a spheroidal component.
S08 adopted the standard value of ESN = 10
51 erg per
SN event and, then, varied it from 0.3 to 3 ×1051 erg as
shown in Table 1. As larger values for the SN energy are
assumed, the SF is more strongly quenched and more violent
winds are able to develop, resulting in lower final stellar and
gas masses. In E-3, where the unrealistic value of 3 × 1051
erg per SN is assumed, most of the gas is blown out, produc-
ing the most DM dominated system with the less concen-
trated DM profile in our set of hydrodynamical simulations.
Alternatively, S08 varied the fraction ǫc of energy pumped
into the cold phase producing a stronger inhibition of the
star formation activity due to increased strength of the in-
duced galactic winds (F-0.9). This particular combination
of parameters results in a very extended disc structure. A
decrease in the star formation efficiency (C-0.01) produces
a slower rate of transformation of gas into stars with weaker
starbursts so that the energy injected into the ISM is not
able to generate strong galactic winds. The regulation of the
star formation activity is not enough to prevent an impor-
tant early consumption of gas into stars.
In summary, the final simulated galaxies have the fol-
lowing characteristics. At z = 0, the galaxy formed in NF
run is dominated by an extended spheroid, with most of its
stars formed at z > 2. The E-0.7 and F-0.9 runs have been
able to produce galaxies with important disc components as
a result of the regulation of SF by SN feedback. These sys-
tems have a half mass radius (rd) of 5.72 kpc h
−1 and 9.74
kpc h−1, respectively. And, they also show the largest disc
to spheroid mass ratios (D/S): 0.82 for E-0.7 and 0.98 for
F-0.9. The E-0.3 run was able to develop a small (rd = 4.75)
and thick disc (D/S = 0.6). In the case of C-0.01 run the
disc component is almost negligible. In the E-3 run, the large
amount of energy assumed per SN triggers violent outflows
which expel a significant amount of the gas content of the
main galaxy. The stellar masses of the final simulated galax-
ies vary from 15.9 to 1.3 ×1010h−1M⊙, as summarized in
Table 1.
3 DARK MATTER DENSITY PROFILES
All analysed DM haloes have been identified at their virial
radius (r200) defined as the one that enclosed an sphere of
mean density 200×ρcrit where ρcrit is the closure density of
the Universe. We have checked that, at z = 0, all virialised
haloes are relaxed as indicated by a relax parameter of ≈
0.002 (Neto et al. 2007). On average, DM haloes have more
than a total of 120000 particles within their virial radius.
In order to construct the DM profiles, we first elimi-
nate the substructures within r200, which affects the profiles
mainly in the outer regions near r200. The determination of
the centre of mass of the haloes is of great importance for the
analysis of the dark matter distribution since a displacement
could produce an artificial erasement of the inner cusp. We
used the shrinking sphere method proposed by Power et al.
(2003) in order to find it. We calculate spherically-averaged
density profiles between three times ǫg and the virial radius.
We use three ǫg as the inner radius to increase the numerical
robustness of our fittings.
We calculate spherically-averaged DM profiles using
logarithmic binning of the DM distribution cleaned of sub-
structures. Then, we fit the NFW, Jaffe (Jaffe, W. 1983)
and Einasto (Einasto, J. 1965) expressions to the DM pro-
files finding that the Einasto’s model provides the best fit in
all cases. The Einasto’s formula can be written as:
ln
(
ρ (r)
ρ−2
)
= ( −2n)
[(
r
r−2
)1/n
− 1
]
(1)
where n, r−2 and ρ−2 indicate the sharpness of the pro-
files and the radius and density where their logarithmic slope
takes the isothermal value. The number of free parameters
is reduced to two by imposing the extra constrain of ob-
taining the total mass at the virial radius. The fitting val-
ues obtained for the different haloes are shown in Table 1.
We estimated bootstrap errors for n and r−2 by fitting the
Einasto’s formula to 100 randomly-generated realizations of
the DM profiles and by estimating the standard dispersion
over the generated set of parameters.
When baryons are present, the shape of the DM profiles
in the central regions changes significantly in comparison to
the DM-only case as it can be appreciated from Fig. 1. In the
case of the DM-only run, its profile is sharper (i.e. smaller
n value) than those of haloes with baryons, indicating the
increase in the DM concentration in the latter cases. Inter-
estingly, all haloes, except for the E-3 (the most DM domi-
nated) and the DM-only cases, present a nearly isothermal
behaviour in the region dominated by baryons, in agreement
with the results found by Tissera et al. (2009) who analysed
several dark matter haloes with higher numerical resolution
as part of the Aquarius project.
However, as it can be seen from Table 1, each DM halo
has different fitting parameters. In order to understand the
origin of these differences, we correlate their properties with
those of the galaxy they host. In fact, the comparison be-
tween the E-0.7 and the NF profiles shows that the DM
distribution in E-0.7 is more concentrated than in NF, al-
though it hosts a galaxy a factor of two less massive than
the later. This finding suggests that the total amount of
baryons collected within the central region of a halo is not
the only relevant factor affecting the response of the DM to
the presence of baryons.
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Table 1. Main characteristics of DM haloes and their main central galaxies. For each simulation we provide the values of SF and SN
parameters: ǫc, c and ESN (see Section 2 for details). We show the virial radius r200, the virial mass M200, total stellar mass Ms of
the central galaxy, the total-mass-to-stellar mass ratio Mt/Ms, the n and r−2 Einasto parameters, the inner logarithm slope γinner, the
logarithmic slope of the baryonic circular velocity LS and the ratio Vmax/V200. Mt and Ms are evaluated within twice the optical radius
defined as that enclosing 83% of the baryons in the central region. Bootstraps errors for n and r−2 are shown within parenthesis.
Run ǫc ESN c r200 M200 Ms Mt/Ms n r−2 γinner LS Vmax/V200
kpc h−1 1010h−1 M⊙ 10
10h−1 M⊙ kpc h
−1
NF - - 0.1 217.5 224.4 15.9 4.1 5.973 (1) 16.89 (1) 1.24 -0.22 1.46
F-0.9 0.9 1 0.1 212.0 212.3 6.7 7.7 6.476 (1) 17.83 (1) 1.24 -0.08 1.25
C-0.01 0.5 1 0.01 207.7 202.2 10.0 3.7 6.499 (1) 16.56 (1) 1.24 -0.20 1.43
E-0.3 0.5 0.3 0.1 214.7 220.8 13.2 3.8 6.764 (1) 14.76 (1) 1.24 -0.17 1.47
E-0.7 0.5 0.7 0.1 211.1 209.0 7.5 5.1 6.887 (4) 15.35 (1) 1.28 -0.08 1.33
E-3 0.5 3 0.1 205.8 194.0 1.3 37.2 5.585 (1) 21.90 (1) 1.15 -0.19 1.17
DM-only - - - 217.0 227.4 - - 5.239 (3) 24.06 (1) 1.08 - -
Figure 1. Spherically-averaged DM profiles for the NF (black
line), E-0.7 (magenta line), F-0.9 (red line), E-0.3 (green line), C-
0.01 (blue line), E-3 (cyan line) and DM-only (black thick dashed
line) experiments. The inner most bin corresponds to three times
the gravitational softenings. The errorbars have been estimated
by the boostrap resampling technique.
In Fig. 2, we display the density-contour maps of the
age of the stars associated to each simulated galaxy as a
function of tridimensional distance to the centre of mass.
These maps provide a picture of both the star formation
history and the final stellar mass distribution in each galaxy.
Those systems with an important disc structure (F-0.9 and
E-0.7) have most of the stars younger than 8 Gyr located
outside the central region, while systems dominated by an
old stellar spheroidal component (NF, E-0.3, C-0.01) have
most of their stars in the inner region.
The NF and E-0.7 runs have produced very different
galaxies as shown in Fig.2. The galaxy in the NF run is
dominated by old stars, determining a spatially extended
spheroid with 78% of the final stellar mass older than 10
Gyr. The system in E-0.7 has a compact old spheroid and
an important disc component populated by younger stars.
This disc is able to survive the interaction with satellites at
lower redshifts. Their different star formation histories and
morphologies are the result of the action of the SN feedback
in E-0.7 which was successful at regulating the transforma-
tion of gas into stars, preventing the formation of an early,
extended spheroid and assuring the existence of gas to form
a disc later on. The SN feedback has also affected the for-
mation of stars in the satellite systems that merged with the
main object as we will discussed in detail in Section 4.
A similar trend is found when comparing the E-0.3 and
C-0.01 runs. In these two cases the feedback was not that
efficient at regulating the SF activity. As a result the final
stellar masses are only slightly lower than the NF case. But
interestingly, the E-0.3 has a more concentrated DM profile
than C-0.01. We note that while C-0.01 formed an old ex-
tended spheroid, E-0.3 has an old spheroid but it was able
to develop a smaller and thicker disc.
For the F-0.9 run, we found that it has also a more con-
centrated profile than the NF case. And, again, this can be
linked to a similar pattern in its formation history: F-0.9 and
E-0.7 both have compact old spheroids and extended, inside-
out-formed discs. In these last two runs, the total amount
of stars within the central region is approximately a factor
of two lower than in the case of the NF run.
In E-3, where an extreme value for the energy per SN
was assumed, we obtained the less concentrated DM pro-
file among the cases with baryons. This profile is weakly
more concentrated than the DM-only one. As expected, the
galaxy in E-3 is also the most DM dominated one in the
central region, as shown by the total to stellar mass ratio
Mt/Ms = 37 (Table 1). In this simulation, most of the gas
has been blown away and only a small fraction of stars has
been formed in a bursty fashion as shown in Fig. 2.
3.1 Velocity Dispersion
In Fig. 3, we plotted the velocity dispersion σ as a function
of the radius from three times the gravitational softening.
We found that when baryons are included the σ2 profiles in-
crease in the central regions compared to the DM-only cases
so that the ’temperature inversion’ typical of the NFW pro-
files is lost (e.g. Tissera et al. 1998; Romano-Dı´az et al. 2008;
see also Tissera et al. 2009 for high resolution simulations).
N08 found a similarity between the σ2 profiles and ρr2 and
they proposed that this may be due to a scaling relation be-
tween densities and velocity dispersions in haloes. We found
that this similarity only holds for the E-3 run, where most of
the baryons have been blown away due to the strong galac-
tic winds produced as a consequence of the extreme high
energy assumed per SN.
From Fig. 3 and Table 1, we can see that there is a
correlation between the inner slope of the σ2 profile and the
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Age-radial distance maps of the stars in the NF (upper left panel), E-0.3 (upper right panel), C-0.01 (middle left panel), E-0.7
(middle right panel), F-0.9 (lower left panel) and E-3 (lower right panel) experiments. This figure shows the inside-out formation of the
disc in E-0.7 and F-0.9, and the outside-in formation of the spheroid in NF and C-0.01.
stellar mass in the simulated galaxies, so that the higher the
mass, the steeper the inner profile. From the analysis of the
profiles of the progenitor system as a function of redshift, we
found that, in the DM-only case, the temperature inversion
is present from at least z ≈ 2 to z = 0, but in the runs with
baryons, the inversion profile is never at place (Romano-Dı´az
et al. 2008).
3.1.1 Velocity Anisotropy
To provide a measure of the velocity structure of the haloes,
we calculate the anisotropy parameter β = 1−
σ2t
2σ2r
, where σt
and σr are the dispersions of the tangential and radial mo-
tions. For an isotropic distribution, β should be zero while
for a system dominated by radial motions, it should have
positive values. Fig. 4 shows the anisotropy parameter as a
function of radius for the haloes at z = 0. When baryons are
included the central anisotropy tends to increase slightly in
most cases, although because of the high level of noise, this
result should be confirmed by higher numerical resolution.
Interestingly, from r ≈ 10 kpc h−1, we found those haloes
hosting spheroid-dominated galaxies to have weaker level
of radial anisotropy compared with the DM-only case (up-
per panel of Fig. 4). Conversely, those haloes hosting disc-
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. Velocity dispersion as a function of radius from three
times the gravitational softening: NF (black line), E-0.7 (magenta
line), F-0.9 (red line), E-0.3 (green line), C-0.01 (blue line), E-3
(cyan line) and DM-only (black thick dashed line).
dominated systems have higher velocity anisotropies (lower
panel of Fig. 4).
4 INTERACTION WITH SATELLITES
The analysis of the DM profiles suggests a connection be-
tween the DM evolution and the history of formation of
the baryonic structures. We can follow the formation of a
halo and its galaxy with time but it is not possible to reli-
ably estimate the DM profiles when the system get smaller
because of the high numerical noise present in our simula-
tions. Then, in order to assess the evolution of the different
runs, we calculated the concentration parameter proposed
by Alam, Bullock & Weinberg (2002), ∆v/2, as a function
of redshift. This parameter measures the mean DM density
normalized to the cosmic closure density within the radius
at which the circular rotational speed due to the DM alone
rises to half its maximum value. This parameter has the
advantage of being independent of a specific density pro-
file and, as it is an integrated quantity, it can be estimated
more robustly at any time. In Fig. 5, we show ∆v/2 as a
function of redshift for the progenitor haloes for our set of
simulations. The dotted line shows the expected relation for
a constant density perturbation due to the expansion of the
Universe alone (i.e. hereafter critical relation). All haloes
increase their concentration as they grow with time. The
DM-only run has the lowest concentration, as expected, at
all times. We note that the relation flattens between z ≈ 1
and z ≈ 1.8, coinciding with the close approaching of satel-
lites as we will discuss in more detail later on. From Fig. 5,
we can see that haloes hosting baryons follow different paths
between them. The NF run shows a DM halo which is al-
ways more concentrated than the DM-only one but it has
a stronger flattening of the relation during the same period
of time. The other haloes do not show such a strong change
in the slope, except for C-0.01 run. Note that a flat slope
Figure 4. Velocity anisotropy parameter β as a function of ra-
dius for the NF (black line), E-0.3 (green line), C-0.01 (blue line)
runs (upper panel), and, for E-0.7 (magenta line), F-0.9 (red line)
and E-3 (cyan line) runs (lower panel), at z = 0. In both panels,
the dashed line corresponds to the DM-only run.
Figure 5. Central halo mass concentration ∆v/2 as function of
redshift for NF (black line), E-0.7 (magenta line), F-0.9 (red line),
E-0.3 (green line), C-0.01 (blue line), E-3 (cyan line) and DM-only
(black dashed line) haloes. The dotted line is the expected growth
for a constant density due to the expansion of the Universe.
c© 0000 RAS, MNRAS 000, 000–000
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is indicating an expansion of the mass distribution in the
central regions. Another interesting case is that of the F-
0.9 halo which host the most extended and important disc.
This system does not show a change in the slope and fol-
lows the critical relation even closer than the DM-only case.
A similar behaviour can be observed for E-3 which shows a
slightly higher concentration driven by the presence of the
baryons that have been able to settle in. In these runs, the
entrances of satellites presumably cause weaker effects on
the dark matter distribution compared to the DM-only run,
since they are less massive due to the strong action of SN
feedback and are easily disrupted as they fall in.
Recall that the merger trees of these haloes are the same
with the only difference being the fraction of baryons and
the gas reservoir in each substructure, which depend on the
SF and the SN feedback parameters adopted in each run. So,
in order to understand the origin of the different evolution of
halo concentration, we analyse the satellites within the virial
radius of the progenitor objects as a function of redshift
It has been shown in previous works (e.g. Barnes &
Hernquist 1992) that when two systems collide, orbital angu-
lar momentum can be transfered from the baryonic clumps
to the dark matter haloes. Hence, it might be possible that
if the properties of the satellite distribution were affected
by the choice of SF and SN parameters, they might also
transfer different amount of angular momentum to the DM.
To illustrate the differences in the satellite distribution
in each run, in Fig. 6 we show the distribution of the co-
sine of the angle between the total angular momentum (J)
of the main stellar system and the angular momentum of
each stellar particle (Ji) at z ≈ 1.6, when the ∆v/2 shows
a change in the slope (Fig. 5). As we can see, at this red-
shift there is no disc structure within any of the systems (i.e.
there are no particles ordered at cosine ≈ 1). And secondly,
the distribution of stellar clumps surrounding the main sys-
tems is very different. It can be seen that, in the NF case,
the satellites are clearly more massive and have been able
to survive further in the halo since stars are more gravita-
tionally bounded. Those systems that later on are able to
develop a disc component (E-0.7 and F-0.9) show smaller
stellar satellites.
This trend can be quantified from Fig. 7 where we show
the cumulative mass of the satellites for each component
(dark matter, gas and stars) as a function of the distance
to the centre of mass at z ≈ 1.6. For the stellar compo-
nent, the satellites of the NF run are the most massive one,
while those in E-0.7 and F-0.9 are less massive due to the
SN feedback action. The most diffuse and smallest satellites
are found in the E-3 halo, as expected. The gas component
behaves similarly to the stellar one, so that those systems
with weaker or no SN feedback have also the larger fraction
of gas per satellite (i.e. systems run with strong feedback
blow away important fractions of gas).
Fig. 8 shows the total baryonic (left) and dark mat-
ter (right) mass of the satellites within the virial radius as
a function of the redshift. It can be seen that both com-
ponents, baryonic and DM, present noticeable mergers or
disintegration episodes from z ≈ 2 indicated by a decrease
in the total mass in the identified substructure within the
virial radius at a given redshift. An increase of the total
mass in satellites implies that new substructure has entered
the virial radius. From this figure we can also see that the
DM associated to the satellites varies slightly from halo to
halo as expected since they all share the same merger tree.
However the baryonic mass shows more important differ-
ences. In the case of the NF halo, the total baryonic mass in
satellites within the virial radius changes weakly with time.
However, the rest of the haloes not only have a lower bary-
onic content, but also experience larger changes as a function
of redshift. After z ≈ 2, the main period of satellites accre-
tion is around z ≈ 0.8. Before and after that time, there
are mainly merger events with the main galaxy or satellite
tidal disruptions which feed the background halo. We can
not differentiate between these processes with the help of
this plot since it provides the total mass associated to the
subhaloes which can be individualized at a given redshift.
However, we carried out a thorough analysis of these sub-
haloes following their progenitors in time in each run to be
sure that we were actually quantifying these effects, without
being contaminated by fly-bye intruders.
In order to improve our understanding of the angular
momentum content of the central galaxy and the DM, we
analysed the specific angular momentum of each mass com-
ponent of the systems defined at z ≈ 1.6 as a function of
time. We chose the systems at this redshift as a reference one
because, from this time, we detect the larger differences in
the evolution of the central mass concentration of our haloes
(Fig. 5) and also the most important interaction events with
satellites (Fig. 8). We selected the stars and gas components
within 1.5 times the optical radius (≈ 12 h−1 kpc) and of the
DM within the virial radius, without including subhaloes, at
z ≈ 1.6. We estimated the cumulative mass in bins contain-
ing a growing fraction of the total selected mass. We anal-
ysed the specific angular momentum content of each mass
component with redshift.
In Fig. 9, we show the distributions for the NF and E-0.7
cases. The stellar mass that was within 1.5 the optical radius
at z ≈ 1.6 shows an increase of the specific angular momen-
tum in each mass bin, even in the lowest one. Both systems
show the same trend although the acquisition of angular mo-
mentum is much larger for the stars in the NF halo for all
mass bins, producing a stronger stellar migration1 (Roskar
et al. 2008). The associated gas mass in the NF case at the
same redshift shows also an increase in its specific angular
momentum which is, then, partially lost at low redshifts.
In E-0.7, the gas component in outer regions gains larger
fraction of angular momentum. This could be explained by
the action of the SN feedback which triggers important gas
outflows (S08). Hence, we found that baryons determining
the galaxy at z ≈ 1.6 acquired angular momentum which
produced its expansion. Because baryons dominate the cen-
tral regions, the global potential well also changes, probably
acting against further DM contraction.
Finally, we also measured the specific angular momen-
tum content of the DM halo which host the galaxy at
z ≈ 1.6. As it can be seen from Fig. 9, these DM parti-
cles increase their angular momentum content as a function
of redshift and in all mass bins, even in the most central one.
The DM particles in the NF case acquire a larger fraction of
1 Note that the detection of stellar migration does not affect the
fact that the discs are mainly formed inside-out as shown in Fig. 2
and S08.
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Figure 6. Cosine of the angle between the total angular momentum of the simulated galaxies and the angular momentum of each stellar
particles within the virial radius at z ≈ 1.6 for NF , E03 and C-0.01 (upper panels) and E-0.7 , F-0.9 and E-3 (lower panel).
Figure 7. Integrated DM, stellar and gas mass of the satellites within the virial radius at z ≈ 1.6 (see Fig.8 for color code).
angular momentum than those in the E-0.7 case. Note that
these DM particles represent the halo at z ≈ 1.6 without
substructure so the increase of angular momentum is ex-
pected because of the angular momentum transfer from the
infalling satellites via dynamical friction (the total angular
momentum of the DM halo is expected to be conserved as
shown in S08).
5 ROTATION CURVES
A well-known problem of numerical simulations is the inabil-
ity of CDM scenarios to produce systems with flat rotation
curves comparable to that of the Milky Way because of the
catastrophic concentration of baryons at the central region.
Dutton et al. (2007, 2008), among others, found that, in the
absence of baryons, there appears to be a reasonable agree-
ment between theory and observation because the former
predicts Vmax ≈ V200, where Vmax is the maximum of the
total circular velocity and V200 is the circular velocity at
the virial radius. However, when the effects of baryons are
taken into account through the AC hypothesis, results do
not match observations since Vmax is significantly increased
by a factor of two (Navarro & Steinmetz 2000; Dutton et
al 2007). These values are too high for matching the Tully-
Fisher relation. Dutton et al (2008) proposed that a net halo
expansion that reverse the contraction would be required in
order to lower the Vmax
V200
ratio. A mechanism suggested in
this work is SN feedback since a net halo expansion could
result from the rapid removal of the disc mass. However,
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Figure 8. Baryonic (left panel) and DM (right panel) total mass in satellites within the virial radius as a function of the redshift for the
NF (black line), E-0.7 (magenta line), F-0.9 (red line), E-0.3 (green line), C-0.01 (blue line), E-3 (cyan line) and DM-only (black thick
dashed line) runs.
Figure 9. Time evolution of the specific angular momentum of stellar (left panels) and gas (middle panels) components within 1.5 the
optical radius (≈ 12h−1 kpc ) and of the DM halo (right panels) within the virial radius measured at z ≈ 1.6, in mass bins containing a
growing fraction of the total mass a function of redshift for the NF (upper panels) and E-0.7 (lower panels) runs. The lines represent a
growing fraction of mass, from 10% for the lower one up to 100% for the upper one.
while Gnedin & Zao (2002) found this effect to be too weak
to reconcile observations and theory, Read & Gilmore (2005)
claimed that if this process is repeated several times, a re-
duction in the halo density could be accounted for.
From our simulations, we can estimate the circular ve-
locities for each component and analyse how the Vmax
V200
ratio
varies for different combinations of the SF and the SN feed-
back parameters. The circular velocity of baryons shown in
Fig. 10 (left panel) reflects the presence of a concentrated
dominating spheroid (NF, C-0.01 and E-0.3) or a dominat-
ing disc component (E-0.7 and F-0.9). The dark matter dis-
tributions (middle panel) vary between haloes in agreement
with Fig. 1, but in the central region the shape of the to-
tal circular velocity (right panel) is determined mainly by
the baryonic component. As it can be seen from this plot,
only when an important disc component is at place, the to-
tal velocity distribution gets flat in the baryonic dominated
region.
In Fig. 11 (upper panels), we show the evolution of the
circular velocity for the baryonic component of the NF and
E-0.7 cases. In the E-0.7 case, the curves become flatter in
an inside-out process (see Fig. 2 and S08). We can also see
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how the baryons in the very central region moves outwards,
contributing to produce a flatter curve. In the case of the
NF run, the baryonic circular velocity is very sharp from
high redshift and it also shows an outward displacement of
baryons located in the central region which is explained by
the increase in the angular momentum content of the the
stellar component as shown in the previous section.
We have quantified the flattening of the baryonic circu-
lar velocity curve by measuring its logarithmic slope (LS)
between the radius at the maximum velocity curve and at
the optical radius for each simulated halo. From Table 1, we
can see that the lower absolute values correspond to the E-
0.7 and F-0.9 runs when the disc component is the dominat-
ing one. In Fig. 12 (upper panel), we show LS as a function
of the shape parameter n of the dark matter profiles. As
we can see, galaxies with lower absolute values of LS tend
to have haloes with the largest n parameters. The less con-
centrated cases are found when either spheroid-dominating
systems were able to form (NF and C-0.01) or in the E-3
run because of its low baryonic content due to the action of
very violent galactic winds.
We also estimated the Vmax
V200
ratio as a function of shape
parameter n of the dark matter profiles as displayed in
Fig. 12 (lower panel). As it can be seen, we found values
for this ratio between ≈ 1.15 and 1.5. Again, those systems
where a disc-like galaxy was able to form show the lowest ra-
tios, indicating the existence of flat circular velocity curves
in agreement with observational results. The small disc in
E-3 has the lowest ratio which is produced mainly for the
fact that the halo has weakly contracted during its assem-
bly due to the very small fraction of baryons retained in the
central region.
5.1 Adiabatic contraction prescription
The prediction of the effects of baryons on the DM haloes
based on AC hypothesis (e.g. B86) is widely used. However
the main assumptions of this approximation, namely that
halo particles move on circular orbits, is not realistic. Sev-
eral studies (Gnedin et al. 2004; Sellwood & McGaugh 2005)
have reported the AC hypothesis to overestimate the level
of compression. Possible alternative models have been devel-
oped to calculate the contraction of the DM halo originated
by the accumulation of baryons in the central region. How-
ever, as we claimed in Pedrosa et al. (2009), the response
of the DM halo to the presence of baryons depends strongly
on the way baryons are assembled (see also Romano-Dı´az et
al. 2008). Actually, this has been the main discussion of the
current paper. In this section, we aim at comparing different
proposed prescriptions found in the literature to predict the
effects of baryons, and the statistical motivated prescription
of Abadi et al. (2009, hereafter A09).
In Fig. 13, we show the DM circular velocity obtained
for each of our runs (red solid lines), the corresponding one
from the DM-only run (black lines) and the velocities esti-
mated by applying different AC models to the DM-only run
taking into account the baryonic distributions of the corre-
sponding hydrodynamical runs. We found that, as expected,
the B86 model (violet lines) largely overpredicts the level of
concentration and also changes the shape of the DM distri-
bution when compared to the DM profiles obtained from the
cosmological runs. The recipes of Gnedin et al. (blue lines)
Figure 12. Baryonic logarithmic slope (upper panel) and the
ratio between the maximum total circular velocity and the virial
velocity as a function the Einasto’s shape parameter (n) for NF
(plus), E-0.7 (diamond), F-0.9 (asterisk), C-0.01 (triangle), E-0.3
(square), E-3 (cross) runs.
and A09 (green lines) also overpredict the level of contrac-
tion, although the disagreement is not so large. Tissera et al.
(2009) found a similar behaviour for their simulated haloes,
which are roughly one order of magnitude higher in numer-
ical resolution.
From the mass distribution of our simulations we can
estimate the best fitting for the relation between
rf
ri
and Mi
Mf
(A09), where ri and Mi correspond to the radii that con-
tains a given number of particles and the total mass within
that radii in the DM-only run, and Mf is the final total
(baryonic and DM) mass at rf estimated in the same way
from each of our simulations including baryons. Following
A09, we assume a function of the form:
rf
ri
= 1 + a× ((
Mi
Mf
)x − b) (2)
We found that x = 4 is the exponent that best represent
our mass relations. Keeping x = 4 fixed, we fit the a and
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Figure 10. Baryonic (left panel), dark matter (middle panel) and total (right panel) circular velocities for the NF (black), E-0.7
(magenta), F-0.9 (red), C-0.01 (blue), E-0.3 (green) and E-3 (cyan) runs.
Figure 11. Baryonic (upper panels) and dark matter (lower panels) circular velocities as a function of redshift for the NF (left panels)
and E-0.7 (right panels) simulations. The redshift decreases from red to green colors starting at z ≈ 2 (red) and ending at z = 0 (light
green).
b parameters in order to reproduce the level and shape of
the contraction that we obtained in our simulations (Fig.
14). For the spheroid-dominated systems (NF, C-0.01 and
E-3), we found that they are better reproduced with values
of a = 0.14 and b = 1.25, while for haloes hosting important
disc structures (E-0.7, F-0.9 and E-0.3), we get a = 0.15 and
b = 1.40. We have included the E-0.3 case among the ones
with disc structure as it was able to develop a small and thick
disc with a D/S = 0.6 and, it presents a similar behaviour
for the relation between radius and masses ratios than the
other two runs with disc galaxies. The largest contraction
predicted for haloes hosting a disc structure is in agreement
with our previous results and discussion.
Consistently with previous findings, Fig. 13 shows that
the response of the DM halo to the presence of baryons does
not depend solely on the amount collected at the central
region but is the result of the joint evolution of baryons and
DM as they are assembled. Although it can be seen from
c© 0000 RAS, MNRAS 000, 000–000
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Figure 14.
rf
ri
ratio vs Mi
Mf
, NF (black lines), E-0.7 (magenta
line), F-0.9 (red line), E-0.3 (green line), C-0.01 (blue line), E-
3 (cyan line). The dashed lines correspond to the fits obtained
according to Eq.2
the residuals in Fig. 13 that our prescription provides a
good prediction of the level of contraction, a larger sample
of galaxies is needed in order to claim its general validity.
6 CONCLUSIONS
We have studied the DM distribution in a set of runs of a
≈ 1012M⊙ halo extracted from a cosmological simulation,
where the physics that regulates the SF activity and SN
feedback was varied allowing the formation of galaxies with
different morphologies at z = 0. Since the underlying DM
merger tree is the same in all our runs, the differences in the
properties of the DM and baryons can be directly ascribed
to the variations in the baryonic physics. For the same rea-
sons, all simulations have been run with the same numerical
resolution so they are affected by resolution in a similar way.
Because we are studying the DM distribution principally in
the central regions, we have estimated all quantities out-
side three gravitational softenings. And as a further test of
the robustness of our results against numerical artifacts, we
have studied the DM profiles in two haloes selected from a
fully cosmological simulation with higher numerical resolu-
tion. These haloes host galaxies with different morphologies
and reproduce remarkably well our findings (appendix A).
Our main results can be summarized as follows:
1. We found that the Einasto’s model provides the best
fit for the spherically-averaged density profiles of our DM
haloes. When baryons are present, the haloes become more
concentrated in the central regions. However, the amount
of baryons collected within the inner regions does not by
itself determine the response of the DM halo to the assembly
process of the galaxy.
2. When baryons are included, the velocity dispersion
increases in the central region compared to the dissipation-
less case and no “temperature inversion” is observed, except
for the E-3 run where the fraction of baryons remaining in
the halo is very small due to its strong SN feedback. The
slope of the inner velocity dispersion profiles increases with
increasing baryonic mass collected at the centre. We found
that haloes hosting spheroidal galaxies tend to have weaker
levels of velocity anisotropy than the DM-only run. While
those haloes with an important disc galaxy show the highest
levels of velocity anisotropy.
3. The formation history plays an important role in the
final distribution of its DM halo. We observed that those
systems that are able to develop inside-out-formed discs, al-
though they host in the central regions a lower amount of
baryons than galaxies that formed old extended spheroids,
have more concentrated DM profiles. Since all our runs
shared the same merger tree, the differences between them
can be directly ascribed to their different baryonic evolutions
which are determined mainly by the SN feedback.
4. We followed the evolution of the DM distribution in
the central regions with redshift via the concentration pa-
rameter ∆v/2. We found that all haloes increase their con-
centration as they grow in time. As expected, the dissipa-
tionless run has the lowest concentration at all times. Also,
we observed that haloes present a flattening in this relation
with respect to the critical relation indicating an expansion
of the mass distribution in the central regions. This flat-
tening differs among the different haloes being larger for
those systems hosting an spheroidal galaxy. This trend can
be linked with close approaches of satellites and their prop-
erties.
5. The analysis of the satellites within the virial radius
of the progenitor objects as a function of redshift yields that
in the NF case, the satellites are clearly more massive and
have been able to survive further in the halo, since stars are
more gravitationally bounded. The systems that, at lower
redshifts, developed a disc component (e.g E-0.7 and F-0.9)
show less massive satellites at all redshifts as a consequence
of the action of SN feedback. As expected, the most diffuse
satellites correspond to the E-3 case. By analysing the mass
of the satellites within the virial radius, we found noticeable
mergers or disintegration episodes which can be correlated
with features in the specific angular momentum content of
the mass components.
We studied the specific angular momentum content of
main baryonic component and its halo from z ≈ 1.6, when
the ∆v/2 starts to clearly indicate an expansion of the cen-
tral DM concentration. We selected the NF and E-0.7 haloes
as case studies. For these cases, we found that even the in-
ner 10% of the stellar mass gains angular momentum as a
function of redshift, although the increase is more impor-
tant for the NF case. The gas component shows a similar
behaviour but, in this case, it is in the E-0.7 run where the
gas acquired larger amount of angular momentum induced
by the SN feedback which we know is successful at driving
galactic outflows (S08). The DM halo (without substruc-
ture) increases its angular momentum content at all mass
bins. Again, the larger profits are measured for the NF case
which has the most massive orbiting satellites. Hence, the
mass components identified at z ≈ 1.6 in NF case gained
more angular momentum up to z = 0 than their counter-
parts in E-0.7, except for the gas component which is anyway
less massive than the other ones. The fact that stars migrate
also contributes to change the inner potential well since they
are the dominating mass component in the central region.
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Figure 13. Circular velocity obtained from our simulations with baryons (red lines), the DM-only run (black line), the B86 (dotted-
dashed violet lines), the prescriptions of Gnedin et el. (2004) (blue dashed lines) and the A09 (green dashed lines), and our approximation
(equation 2, red dotted lines). In the small, lower plots we show the residuals for each velocity curve respect to that of the DM-only run.
This, on its turn, probably acts against further DM contrac-
tion. Both effects could explain the evolution of ∆v/2 and the
fact that, when the halo hosts a disc-dominated galaxy, it is
more concentrated than when it hosts a spheroid-dominated
one.
6. The baryonic rotation curves of our simulated galaxies
reflect the presence of a concentrated dominating spheroid
or a dominating disc component. The total circular velocity
in the central regions is mainly determined by the baryonic
component. When an important disc component is present
the total velocity distribution gets flat in the central regions.
The evolution of the baryonic circular velocity with time of
the E-0.7 run shows that as the disc forms, the curve became
flatter out to larger radii. We quantified the flattening of
the curve through the LS and correlated it with the shape
parameter. Galaxies with lower values of LS tend to have
haloes with larger n parameter. We found values for Vmax
V200
between ≈ 1.15 and 1.5. The systems where a disc galaxy
was able to form present the lowest ratios, in agreement with
observational results.
7. We have compared our simulated haloes with different
AC prescriptions. We found, as expected, that the Blumen-
thal et al (1986) model overpredicts the level of concentra-
tion and also changes the shape of the DM distribution. The
recipes of Gnedin et al. (2004) and A09 are an improvement
over the B86 approach. However, they overpredict the level
of contraction when the haloes host an spheroid-dominated
galaxy. From our analysis, we have obtained a prescription
that provides a better representation for the contraction of
our haloes, depending on the morphology of the galaxy.
However, the ’universality’ of this prescription should be
tested with a larger statistical sample.
All our findings indicate that the response of the DM halo
to the presence of baryons is the result of the joint evolution
of baryons and DM during the assembly of the galaxy and
in this sense, the cosmological context for galaxy formation
cannot be ignored.
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APPENDIX A: NUMERICAL RESOLUTION
ANALYSIS
In order to analyse the effects of numerical resolution on
our results, we used a fully cosmological simulation corre-
sponding to a cubic box of a comoving 10 Mpc h−1 side
length and consistent with a Λ-CDMmodels ( Ω = 0.3,ΩΛ =
0.7,Ωbar = 0.04, H0 = 100 h km s
−1Mps−1 with h = 0.7 ).
This simulation has a mass resolution of 5.93× 106h−1 M⊙
and 9.12× 105h−1 M⊙ for the dark matter and gas compo-
nents, respectively. The SN energy adopted for this simula-
tion is 0.7 ×1051 erg per event and this energy is pumped
in equal fractions into the cold and hot phases. We have
also run the pure dynamical counterpart (DM-only case) for
purpose of comparison.
For this analysis, we selected two haloes (G1 and G2) of
≈ 1012M⊙ which host galaxies with different morphologies
in order to validate the general trends obtained in the pre-
vious sections. Halo G1 has 846730 total particles (417129
of DM, 192527 of gas and 237074 of stars) within the virial
radius, while Halo G2 has 333933 total particles (171789 of
DM, 52177 of gas and 109967 of stars). We would like to
stress the point that these galaxies do not share the same
merger tree as it was the case for the ones in the main
set (Table 1). As a consequence and accordingly to our re-
sults, the effects of baryons on the DM distributions are
expected to be different. However, the main patterns should
be present and we will focus on their quantification.
In Fig. A1 we display the age-radial distance maps of
the stars (left panels), DM profiles (middle panels) and ∆v/2
parameters (right panels) for G1 (upper panels) and G2
(lower panels) galaxies. From the age-radial maps we can
appreciate that G1 has a more important disc structure pop-
ulated by younger stars than G2 where most of the stars are
old and located in the central region. As expected their DM
profiles (solid lines) are more concentrated than their pure
dynamical counterparts (dashed lines) as shown in the mid-
dle panels of Fig. A12. In order to assess the level of contrac-
tion and the evolution of the central density as a function
of redshift, we estimated the ∆v/2 parameter for the pro-
genitor systems. As it can be appreciated from the right
panels, both haloes are always more concentrated than the
DM-only cases as expected. However, the rate of increase in
the concentration with time in comparison to their pure dy-
namical counterparts is different. In the G1 case, ∆v/2 shows
globally a slightly sharper increase with redshift than in its
pure dynamical counterpart. Conversely, in G2 the relation
is significantly more flatten than its dynamical counterpart,
suggesting a more important expansion of the central mass
distribution in the latter case. In our previous discussion, we
detected a correlation between the flattening in ∆v/2, the
presence of more massive satellite systems and the amount
of angular momentum transfer to the mass in the central
region. We also found a lower rate of increase in ∆v/2 asso-
ciated with systems dominated by an spheroidal galaxy. Ac-
cordingly to these results, the satellite systems in G1 and G2
should show clear differences: G1, which has an important
2 The Einasto fitting parameters for G1 are n = 8.55 and r−2 =
22.45 and for its DM-only counterparts, n = 6.45 and r−2 =
36.07. In the case of G2, we get n = 5.36 and r−2 = 14.41 while
for its DM-only we have n = 4.29 and r−2 = 22.22.
disc, should have satellites less massive than its dynamical
counterparts and vice versa, for G2. To check this point, we
estimated the cumulative total mass of the satellites within
the virial radius as a function radius. As an example, we
show these distributions for z ≈ 0.1 as insets in the right
panels of Fig. A1 but these behaviors is common through
out the evolution of the systems. In general, the satellites in
the DM-only runs are located further away than their cor-
responding SPH runs at all redshifts. In the case of G1, we
also note that the satellites in the SPH runs are less mas-
sive than it DM-only counterpart. The opposite situation
is found for G2 where the satellites are significantly more
massive than its pure dynamical counterpart. These trends
supports our main results.
We have also tested our prescription for the adiabatic
contraction in the G1 and G2 haloes as shown in Fig. A2 .
We found that G1 is better fitted by using our formula for
the disc type systems. In G2, the differences between the
residuals of the two fitting formulae are not so large as in
the G1 case, but both formulae provide a better prediction
of the level of contraction than all the others prescriptions.
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Figure A1. Age-radial maps for the stellar components (right panels), spherically-averaged DM profiles (central panels) and the ∆v/2
parameters (left panels) as a function of redshift for the G1 (upper) and G2 (lower) haloes in a fully cosmological simulation (solid lines).
The dashed lines correspond to the DM-only cases. Inset plots: cumulative mass of satellites at z ≈ 0.1.
Figure A2. Circular velocity obtained from haloes G1 and G2 selected from a fully cosmological simulations (red lines), their DM-only
counterparts (black line), the B86 (dotted-dashed violet lines), the prescriptions of Gnedin et el. (2004) (blue dashed lines) and the A09
(green dashed lines), and our approximation (equation 2, red dotted lines). In the small, lower plots we show the residuals for each
velocity curve respect to that of the DM-only run.
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